T he mechanical properties of cells are dynamically controlled in many cellular processes, such as cell division, fusion, migration, invasion and shape change. Spectrin is best known as a membrane skeletal protein that is critical for maintaining cell shape and providing mechanical support for the plasma membrane 1-3 . The functional unit of spectrin is a flexible, chain-like heterotetramer composed of two antiparallel heterodimers of α -spectrin and β -spectrin that interact head to head to form a tetramer 1-3 . Whereas vertebrates have two α -spectrins (α I and α II) and five β -spectrins (β I-β V), invertebrates encode one α -spectrin and two β -spectrins (β and β Heavy (β H )). In erythrocytes and neurons, spectrins, together with actin, ankyrin and associated proteins, form either a static polygonal lattice structure 4-6 or an ordered periodic longitudinal array 7 underneath the plasma membrane to protect cells from mechanical damage 8 . Such a mechanoprotective function of spectrin is made possible by holding the spectrin network under constitutive tension 9 . However, in many cellular processes, mechanical tension is generated upon transient cell-cell interactions. How spectrins, which are expressed in most eukaryotic cells, respond to transient mechanical stimuli in dynamic cellular processes remains largely unknown.
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NATUre Cell BiOlOgy spectrin repeats 23 in muscle cells exacerbated the fusion defect of the β H -spectrin mutant (Fig. 1Af,B and Supplementary Fig. 1a ) and caused a minor fusion defect in wild-type embryos ( Supplementary  Fig. 1a ). Thus, both mini-β H -spectrin and β -spectrin interfere with α /β H -spectrin heterotetramer formation and disrupt the α /β H -spectrin network. Moreover, β H -spectrin expression specifically in the receiving fusion partners (muscle founder cells), but not in the attacking cells (fusion-competent myoblasts (FCMs)), rescued the fusion defect ( Fig. 1Ah,Ai) , demonstrating that α /β Hspectrin functions specifically in founder cells. Unfused myoblasts are indicated by arrowheads. A wild-type (WT) embryo is shown (Aa). A minor fusion defect is demonstrated in the α-spectrin (α-spec -/-) (Ab), β H -spectrin (β H -spec -/-) (Ac) and transheterozygous β H -spec -/Df(3 L)1266 (Ad) mutants. A severe fusion defect is shown in the α/β H -spectrin -/-(α-spec -/β H -spec -/-) double mutant (Ae). Expressing mini-β H -spectrin (mini-β H -spec) in all muscle cells with twi-GAL4 exacerbated the fusion defect in the β H -spec -/mutant (Af). The fusion defect in the β H -spec -/mutant was rescued by expressing β H -spectrin in all muscle cells with twi-GAL4 (Ag), in founder cells with rP298-GAL4 (Ah), but not in FCMs with sns-GAL4 (Ai). For each genotype, 10 embryos (biologically independent samples) were imaged with similar results. Scale bar, 20 μ m. B, Quantification of the fusion index. The number of Eve-positive nuclei in the dorsal acute muscle 1 (DA1) was counted for each genotype in A. The number of DA1 analysed for each genotype: n = 42, 17, 45, 45, 55, 45, 42, 42 and 42 (left to right) . The red horizontal bars indicate the mean values. Significance was determined by the two-tailed Student's t-test. C, Localization of α /β H -spectrin at the fusogenic synapse. Confocal images of side-by-side pairs of FCM (outlined with dashed lines in the merge panels) and the founder cell in stage 13-14 embryos triple labelled with phalloidin (F-actin), anti-Duf, and anti-α -spectrin (Ca), anti-β H -spectrin (Cb), anti-Flag (GFP/Flag trap line; Cc), anti-GFP (YFP trap line; Cd), or anti-V5 (V5-β H -spectrin expressed in founder cells with rP298-GAL4 (Ce) or FCMs with sns-GAL4 (Cf)). The expression of β H -spectrin in FCMs was visualized in the fusion-defective sltr mutant without β H -spectrin diffusion from FCMs to founder cells. Note the enrichment of α -spectrin (Ca) and β H -spectrin (Cb-Cd) at the fusogenic synapse (arrowheads) and specifically in founder cells (Ce), but not in FCMs (Cf). For each genotype, 20 fusogenic synapses (biologically independent samples) were imaged with similar results. Scale bar, 5 μ m.
NATUre Cell BiOlOgy α/β H -Spectrin enrichment at the fusogenic synapse in founder cells. To determine the subcellular localization of α /β H -spectrin, we performed antibody-labelling experiments using anti-α -spectrin and anti-β H -spectrin in wild-type embryos (Fig. 1Ca,Cb) , and anti-Flag and anti-green fluorescent protein (GFP) in two protein trap lines, kst MI03134 (Fig. 1Cc ) and kst CPTI002266 (Fig. 1Cd ). Both α -spectrin and β H -spectrin were enriched at the fusogenic synapse, largely colocalizing with Dumbfounded (Duf), an immunoglobulin domaincontaining founder cell-adhesion molecule (CAM) 24 , and closely associating with the FCM-specific F-actin focus, which is part of an invasive podosome-like structure (PLS) 4 . By contrast, β -spectrin was not detected in muscle cells, despite its high expression in epithelial cells ( Supplementary Fig. 1b ). Ectopically expressed β -spectrin in muscle cells did not enrich at the fusogenic synapse as did α /β H -spectrin and mini-β H -spectrin ( Fig. 1C and Supplementary  Fig. 1e ,f). In addition, two of the major accessory proteins that are known to stabilize spectrin-actin interactions, adducin 25 and protein 4.1 (refs 26, 27 ), were also absent at the fusogenic synapse ( Supplementary Fig. 1c,d ). An amino-terminal-tagged, functional β H -spectrin (V5-β H -spectrin) that was specifically expressed in founder cells, but not in FCMs, was enriched at the fusogenic synapse ( Fig. 1Ce ,Cf), supporting the functional requirement for α /β H -spectrin in founder cells. 
Dynamic accumulation of α/β

Articles
NATUre Cell BiOlOgy
F-actin foci, with a higher accumulation in wild-type embryos ( Fig. 2a,b and Supplementary Video 1) and an overall weaker accumulation in the dpak3 mutant, in which actin foci are loosely packed and less invasive 19 (Fig. 2c,d and Supplementary Video 2). Thus, spectrin forms a transient and dynamic structure that rapidly changes its density and morphology corresponding to the invasiveness of the PLS. The dynamic behaviour of β H -spectrin at the fusogenic synapse was confirmed by fluorescence recovery after photobleaching (FRAP). The fluorescence of photobleached mCherry-β H -spectrin rapidly recovered with an average halftime (t 1/2 ) of 66 ± 35 s, similar to that of the F-actin foci in FCMs (70 ± 18 s) 12 , and eventually reached 67 ± 14% of the pre-bleaching level ( Fig. 2e ,f and Supplementary Video 3). Thus, PLS invasion and α /β H -spectrin accumulation were temporally coordinated and new α /β H -spectrin heterotetramers were continuously recruited to the fusogenic synapse in response to PLS invasion. Moreover, FRAP analysis of mCherry-β H -spectrin expressed in epithelial cells showed fluorescence recovery to a similar level, albeit at a slower rate, probably due to the different mechanical properties of the two cellular environments ( Supplementary Fig. 2 and Supplementary Video 4). Taken together, the dynamic behaviour of β H -spectrin is not restricted to muscle cells and is a general feature of this protein.
α/β H -Spectrin accumulates at the fusogenic synapse in the absence of chemical signalling. Given the correlation between spectrin accumulation and PLS invasiveness, we tested whether β H -spectrin accumulation at the fusogenic synapse is triggered by the protrusive force from FCMs or recruited by the founder-cell CAMs, Duf and its functionally redundant paralogue Roughest (Rst) 24, 29 . Remarkably, β H -spectrin still accumulated at fusogenic synapses in the duf, rst double mutant expressing Duf that lacks its entire intracellular domain (DufΔ intra) ( Fig. 3A ,Ba,Bb,C). DufΔ intra does not transduce chemical signals but functions normally to attract the FCM-specific immunoglobulin domain-containing CAM, Sticks and stones (Sns) [30] [31] [32] . The overall weaker accumulation of β H -spectrin in these mutant embryos corresponds to a partial rescue of myoblast fusion 33 (Fig. 3C ). By contrast, Antisocial (Ants; also known as Rols7), a founder cell-specific adaptor protein that binds to the intracellular domain of Duf 34-37 , did not accumulate at the fusogenic synapse ( Fig. 3Ba ,Bc,C). Thus, β H -spectrin accumulation in founder cells can be triggered by invasive forces from the PLS, independent of chemical signalling from CAMs. Furthermore, β H -spectrin accumulated at the fusogenic synapse in cultured Drosophila S2R+ cells that were induced to fuse by co-expressing Sns and the Caenorhabditis elegans fusogen Eff-1 (refs 13, 38 ). Specifically, the F-actin foci in the attacking cells were always associated with β H -spectrin accumulation in the receiving cells, despite the lack of endogenous Duf and Rst in these cells 13 (Fig. 3D ).
α/β H -Spectrin exhibits mechanosensitive accumulation.
To test directly whether β H -spectrin exhibits mechanosensitive accumulation, we performed micropipette aspiration (MPA) assays, in which a pulling force is applied to Drosophila S2 cells by a micropipette. GFP-β H -spectrin showed rapid mechanosensitive accumulation at the base area of the aspirated portion of the cell (Fig. 4A,D) , in contrast to the previously demonstrated tip accumulation of the mechanosensory protein MyoII 14 . This effect was not due to an increased amount of membranous materials, F-actin or adaptor proteins at the base area, as a red fluorescent protein (RFP)-tagged PtdIns(4,5)P2-interacting pleckstrin homology (PH) domain 39 , GFP-actin or Ants did not accumulate at this area ( Fig. 4Ba ,Bb,D and Supplementary Fig. 3ai,b ). In addition, no accumulation was observed for GFP-β H -spectrin-Δ C, which deleted a carboxy-terminal fragment containing the tetramerization domain 40 (Fig. 4Bc ,D and Supplementary Fig. 4a ), or GFP-β H -spectrin-Δ N, which deleted an amino-terminal fragment containing the actin-binding domain 40 (Fig. 4Bd ,D and Supplementary Fig. 4a,b ), suggesting that tetramerization and actin-binding activities are required for β H -spectrin accumulation. α -Spectrin only exhibited mechanosensitive accumulation when co-expressed with β H -spectrin, but not when expressed alone, in S2 cells ( Supplementary Fig.  3ai ,ii,b), which is consistent with the higher expression of endogenous β -spectrin than β H -spectrin in these cells (FlyBase) 41 , the former of which was not mechanosensitive, as demonstrated by MPA assays ( Supplementary Fig. 3aiii,b) . Notably, the mechanosensitive accumulation of β H -spectrin is time and force dependent, which increased linearly over time until reaching its peak level at 80-90 s after the onset of aspiration ( Supplementary Fig. 3c ) and increased proportionally to applied pressure ( Supplementary Fig. 3d ). These results indicate that α /β H -spectrin binding to the actin network depends on the number of binding sites at a given time rather than the additional cooperative activity of the previously bound tetramers, and that the mechanical force applied to the cortical actin network leads to an increase in the number of binding sites for the α /β H -spectrin heterotetramers.
α/β H -Spectrin responds to shear deformation. It is intriguing that α /β H -spectrin and MyoII show distinct patterns of mechanosensitive accumulation revealed by MPA. Previous coarse-grained modelling suggests that the tip of an aspirated cell corresponds to an area of maximal actin network dilation (or radial expansion), whereas the base area corresponds to the maximal shear deformation (or shape change) 42 . MPA analyses suggest that MyoII is a mechanosensory protein for actin network dilation, whereas α /β H -spectrin responds specifically to shear deformation. Consistent with the distinct areas of mechanosensitive accumulation of MyoII and spectrin, β H -spectrin remained at the base area in cells treated with Y27632, a small molecule that decreases MyoII activity by inhibiting Rho-associated protein kinase (ROCK), the upstream activator of MyoII (compare Fig. 4Ca Supplementary Fig. 3aiii ), suggesting that MyoII-mediated cortical contraction at the tip may gradually create shear deformation along the aspirated portion of the cell. The distinct domains of mechanosensitive accumulation of MyoII and spectrin induced by pulling forces prompted us to ask whether they exhibit a similar response to pushing forces. Coursegrained modelling of cells invaded by protrusions with a 5-μ m diameter predicted clear separation of dilation versus shear domains along the invasive protrusion, with maximal dilation corresponding to the tip and maximal shear deformation corresponding to the base ( Fig. 4F ). However, when the invasive protrusions became narrower (~400-nm diameter), there was a gradual increase of shear deformation at the tip, where the dilation deformation remained largely the same ( Fig. 4G -J). This model predicted that the mechanosensitive accumulations of β H -spectrin and MyoII induced by narrow protrusions may no longer be clearly separated. To test this directly, we performed atomic force microscopy (AFM) experiments, in which a pushing force was applied to cells expressing GFP-β H -spectrin and RFP-MyoII by a cantilever with a tip diameter of ~200 nm, which mimics the length scale of the invasion protrusions at a mature fusogenic synapse ( Fig. 4K) . When indented at a depth of 2-5 μ m, β H -spectrin and MyoII exhibited rapid and largely overlapping domains of accumulation to the indented area ( Fig. 4L and Supplementary Video 5), consistent with the pattern of mechanosensitive response predicted by the course-grained model and the enrichment of both β H -spectrin and MyoII at the fusogenic synapse in Drosophila embryos 14 (Fig. 1C ).
α/β H -Spectrin restricts CAMs at the fusogenic synapse. What are the biological functions of spectrin accumulation at the fusogenic synapse? In the α/β H -spectrin double mutant, the founder-cell CAM Duf and its interacting protein Ants were both dispersed at the fusogenic synapse, instead of forming a tight aggregate as in wild-type cells ( Fig. 5A,B ). Time-lapse imaging revealed the dynamic dispersion of Duf in these mutant embryos (Supplementary Video 6), compared to the tight Duf cluster associated with dense F-actin foci in wild-type embryos ( Fig. 5C and Supplementary Video 7). Occasional Duf aggregates in mutant embryos gradually diffused over time, suggesting that α /β H -spectrin is required for the maintenance, but not the initiation, of the Duf clusters ( Fig. 5D and Supplementary Video 6).
As Duf and Sns interact in trans 31 , we tested whether Duf dispersal in founder cells of the α/β H -spectrin mutant affects Sns distribution in FCMs. Indeed, Sns was also dispersed at the fusogenic synapse in these embryos (Fig. 5E ), and so did the actin nucleationpromoting factors and their interacting proteins, such as WASPinteracting protein (WIP; also known as Solitary (Sltr)), which is recruited by Sns to the fusogenic synapse 43, 44 (Fig. 5F ). The diffusion of actin nucleation-promoting factors resulted in a fuzzy F-actin structure in the FCM (Fig. 5A,B ,D-F), with an average fluorescence intensity of 61 ± 19 per focus on a 0-255 scale (n = 35), compared to 170 ± 15 per focus (n = 28) in wild-type embryos. The low intensity of F-actin indicates a low filament density, which generated stubby and closely abutting toe-like protrusions, instead of the long, narrow and well-separated finger-like protrusions in wild-type embryos 12, 18, 19 (Fig. 5H ). Thus, Duf restriction by α /β H -spectrin in founder cells regulates Sns localization and the distribution of actin filaments at the fusogenic synapse in FCMs. α/β H -Spectrin maintains Duf enrichment at the fusogenic synapse via biochemical interactions. To investigate how spectrin restricts Duf at the fusogenic synapse, we performed co-immunoprecipitation experiments using Drosophila embryos expressing Flag-β H -spectrin and Duf-GFP in muscle cells. An antibody against Flag, but not a control antibody, co-precipitated α -spectrin and Duf-GFP, suggesting that the α /β H -spectrin heterotetramers interact with Duf ( Fig. 5I and Supplementary Fig. 5a ). Moreover, DufΔ intra, which can no longer interact with α /β H -spectrin, appeared to be diffused at many fusogenic synapses in the duf rst mutant, similar to Duf diffusion in the α/β H -spectrin mutant (Fig. 5G ). As a consequence, the F-actin foci that formed initially due to the trans-interactions between DufΔ intra and Sns also gradually dispersed at the fusogenic synapse (Supplementary Video 8 Articles NATUre Cell BiOlOgy mutant (Fig. 5A,B ,D-F and Supplementary Video 7) . Interestingly, time-lapse imaging revealed a gradual diffusion of accumulated β H -spectrin in DufΔ intra-expressing duf rst mutant embryos ( Supplementary Video 9) , suggesting that the α /β H -spectrin-Duf interaction is also required for stabilizing the mechanoaccumulative α /β H -spectrin at the fusogenic synapse. Despite the largely 'co-localized' α /β H -spectrin and Duf at the fusogenic synapse observed with confocal microscopy, structured Note the long, narrow and well-separated finger-like protrusions in WT (arrowheads) and the stubby and closely abutting toe-like protrusions in the α/β H -spectrin mutant (arrows). n, nucleus. For each genotype, 10 fusogenic synapses were analysed with similar results. Scale bars, 500 nm. i, Biochemical interaction between β H -spectrin and Duf. A co-immunoprecipitation (IP) experiment using extracts from embryos expressing Flag-β H -spectrin and Duf-GFP in muscle cells with twi-GAL4 is shown. Duf was pulled down with anti-Flag, but not with a control (ctrl) antibody (Ab; anti-V5), suggesting interactions between β H -spectrin and Duf. α -Spectrin was probed to indicate the presence of β H -spectrin, the latter of which was difficult to detect owing to its large size (~480 kDa). These experiments were repeated three times with similar results. Unprocessed original scans of blots are in Supplementary Fig. 5a . IB, immunoblotting.
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NATUre Cell BiOlOgy illumination microscopy (SIM) revealed distinct microdomains occupied by these proteins at early stages of the fusogenic synapse marked by small actin foci (Fig. 6Aa ), suggesting that Duf does not directly recruit β H -spectrin in founder cells. β H -Spectrin appeared to surround the actin focus, which is consistent with the mechanosensitive accumulation of α /β H -spectrin to the base areas of invasive protrusions. At late stages of the fusogenic synapse, characterized by large actin foci and a ring-like structure formed by β H -spectrin and Duf, these two proteins exhibited closer association, probably mediated by the α /β H -spectrin-Duf interaction (Fig. 6Ab ). Strikingly, α /β H -spectrin was mostly seen at the outer rim of the ring (Fig. 6Ab) , indicating that the spectrin network functions as a cellular fence to restrict Duf diffusion.
α/β H -Spectrin network functions as a cellular sieve to constrict the invasive protrusions.
The closely abutting morphology of the invasive protrusions in the α/β H -spectrin mutant prompted us to ask whether spectrin is involved in shaping the invasive structure to well-separated, long and narrow protrusions. At early stages of the fusogenic synapse, actin polymerization in the FCM propelled wide protrusions that triggered mechanosensitive accumulation of β H -spectrin at the base (Fig. 6Ba,Bb) . As foci grew, more β H -spectrin accumulated at the fusogenic synapse, resulting in an uneven spec-trin network with smaller spectrin-free domains (Fig. 6Bc ). At the late stage, only narrow protrusions were seen penetrating through spectrin-free microdomains (Fig. 6Bc -Be and Supplementary Video 10). Thus, the spectrin network in the founder cell functions as a 'cellular sieve' to constrict the diameters of the invasive protrusions from the FCM. The resulting long and narrow protrusions put the fusogenic synapse under high mechanical tension to promote plasma membrane fusion 12, 14 .
βV-spectrin is required for mouse myoblast fusion. The requirement for β H -spectrin in Drosophila myoblast fusion led us to test whether the mammalian orthologue of β H -spectrin, β V-spectrin (also known as Sptbn5), is involved in myoblast fusion. Knocking down β V-spectrin with two independent short interfering RNAs (siRNAs) in mouse C2C12 myoblasts significantly decreased C2C12 cell fusion ( Fig. 7A-C) . This was not due to a failure in muscle cell differentiation, as the expression level of myogenic regulatory factors-MyoD and myogenin-remained similar in knockdown versus control cells (Fig. 7D,E and Supplementary Fig. 5b ). In addition, the expression of skeletal muscle myosin heavy chain (skMHC) was not affected by the knockdown (Fig. 7E) . Consistent with the normal expression of these proteins, the β V-spectrin-knockdown cells had a normal, elongated morphology and were MHC positive, 
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NATUre Cell BiOlOgy despite containing fewer nuclei than the control myofibres (Fig. 7A) . Thus, like its Drosophila counterpart, β V-spectrin promotes mammalian myoblast fusion.
Discussion
This study has revealed a dynamic mechanoresponsive property of α /β H -spectrin in response to invasive forces during cell-cell fusion. The mechanosensitive accumulation of α /β H -spectrin in the receiving fusion partner establishes a transient and uneven spectrinenriched network at the fusogenic synapse, which functions both as a cellular fence to restrict CAMs and a cellular sieve to constrict the invasive protrusions from the attacking cell. Through these actions, spectrin helps to build a fusogenic synapse under high mechanical tension to facilitate cell membrane fusion.
An intercellular mechanoresponsive feedback loop at the fusogenic synapse. The fusogenic synapse is established by trans-interactions between cell-type-specific CAMs, which initiate a series of downstream cellular events in both cell types 15, [45] [46] [47] . In FCMs, Sns recruits the Arp2/3 nucleation-promoting factors to activate actin polymerization and generate invasive protrusions, which triggers mechanosensitive accumulation of α /β H -spectrin in the apposing founder cells. The accumulated α /β H -spectrin keeps Duf at the fusogenic synapse, which recruits additional Duf by lateral diffusion . Cells were fixed on day 6 post-differentiation and stained with anti-MHC (green) and DAPI (red) to visualize differentiated muscle cells. Note the thinner myofibres in Ab and Ac than in Aa. These experiments were repeated three times with similar results. Scale bar, 50 μ m. B, siRNA knockdown (KD) of β V-spectrin analysed by qRT-PCR. The mRNA level of β V-spectrin in KD cells was normalized against control in n = 3 independent experiments. C, The fusion index was calculated as the percentage of nuclei in multinucleated syncytia versus the total number of nuclei per microscopic field. Each data point represents the fusion index of a random × 20 microscopic fields; n = 34 fields pooled from three independent C2C12 cell differentiation experiments. Note that β V-spectrin KD significantly decreased the fusion index. D,E, β V-spectrin KD did not inhibit myoblast differentiation. Western blot analyses showed no significant difference in the expression levels of myogenic differentiation markers (MyoD, myogenin and skMHC) between control and β V-spectrin KD cells (D). The cell lysates used for SDS-PAGE were derived from the same experiment and the gels/blots were processed in parallel. α -Tubulin was used as a loading control. Unprocessed original scans of blots are in Supplementary Fig. 5b . The quantification of protein expression from panel D is displayed (E). In the graphs, the y axes indicate the measured band intensity ratio of each protein relative to the loading control (α -tubulin). n = 3 independent experiments. Each data point represents the relative protein expression level measured in a single experiment. In B,C,E, the red horizontal bars indicate the mean values, and significance was determined by the two-tailed Student's t-test. GM, growth medium; DM, differentiation medium. and oligomerization. Newly recruited Duf and transiently stabilized Sns sets off additional rounds of protrusion formation, mechanosensitive accumulation of α /β H -spectrin and the recruitment of additional CAMs. Through such a positive-feedback loop, a mature fusogenic synapse forms with appropriate levels and localization of CAMs, actin and spectrin. The absence of α /β H -spectrin in founder cells breaks the positive-feedback loop, such that Duf and Sns cannot maintain or increase their concentrations at the fusogenic synapse and the structure eventually falls apart. Thus, the intercellular mechanoresponsive feedback loop is critical for the growth and stabilization of the fusogenic synapse.
α/β H -Spectrin as a dynamic mechanoresponsive protein for shear deformation. Spectrin has long been thought as a scaffolding protein that stably links the plasma membrane and the actin cytoskeleton. Our study revealed a mechanosensitive behaviour of α /β H -spectrin in response to shear stress ( Supplementary Fig. 6a ). Under shear stress, the actin network's shape/angle change leads to changes in the distances between actin crosslinker-binding sites. Whereas shorter and stiffer crosslinkers are prone to dissociating from the network, α /β H -spectrin heterotetramers, each with 29 spectrin repeats and flexible linker regions, can accommodate a range of angle/distance changes by folding or unfolding the spectrin repeats and stay bound to the shear-deformed actin network for an extended period of time. In this regard, it has been demonstrated that spectrin heterotetramers in red blood cells unfold their spectrin repeats under shear stress 48 . FRAP analyses revealed a fraction of α /β H -spectrin that remains associated with the actin network at the fusogenic synapse, consistent with the prolonged binding of some spectrin heterotetramers. We propose that the extensibility and flexibility of α /β H -spectrin heterotetramers are the two major properties enabling its transient stable association with the shear-deformed actin network. In support of this, filamin, an actin crosslinker organized as flexible and extensible V-shaped dimers (having immunoglobulin-like folds 49 instead of spectrin repeats), also exhibited mechanosensitive accumulation under shear stress 42 .
Once the shear stress is removed from the cell cortex, the actin network is no longer under strain and α /β H -spectrin dissociates from the actin network, generating a pool of free α /β H -spectrin heterotetramers that are available for future mechanosensitive responses. Two factors may influence the dynamic dissociation of spectrin from actin: accessory proteins and the actin-binding affinity of spectrin. The absence of adducin and protein 4.1 in embryonic muscle cells suggests that the α /β H -spectrin-actin interaction is relatively unstable compared to that in erythrocytes and axons, such that α /β H -spectrin is more likely to dissociate from the actin network in muscle cells. Although the actin-binding affinities of the structurally similar β H -spectrin and β -spectrin are not known, the difference in their mechanoresponsive behaviours suggests that β -spectrin, similar in size to mini-β H -spectrin, may bind to F-actin with a higher affinity than β H -spectrin or mini-β H -spectrin. Thus, most β -spectrin proteins are stably integrated into the α /β -spectrin heterotetramers at the cell cortex, leaving few free β -spectrin available for transient mechanosensitive response at the fusogenic synapse. In this regard, α -actinin-1, which has a 90-fold higher actin-binding affinity than α -actinin-4, does not show mechanosensitive accumulation, whereas α -actinin-4 does 50 .
The α/β H -spectrin network functions as a cellular fence and a cellular sieve. The mechanoaccumulative spectrin network serves at least two functions at the fusogenic synapse. In founder cells, the accumulated spectrin builds a cellular fence to restrict Duf diffusion, probably through two complementary mechanisms ( Supplementary  Fig. 6b ). First, biochemical interactions between Duf and spectrin could prevent Duf clusters from lateral diffusion when they encounter spectrin-enriched patches. Second, the spectrin heterotetramers are linked to the plasma membrane via the PH domain of β H -spectrin and may collide with the cytoplasmic domain of Duf to block Duf diffusion. A similar role for spectrin in restricting transmembrane protein diffusion has been demonstrated in mouse erythrocytes, in which the transmembrane protein band 3 diffuses faster in spectrindeficient mutant erythrocytes than in normal cells 51 and the cytoplasmic portion of band 3 slows down the diffusion of the protein 52 . Spectrin also functions as a cellular sieve to constrict the invasive protrusions from the FCM ( Supplementary Fig. 6b ). The build-up of the sieve is a dynamic process involving continuous mechanical stimulation and mechanosensitive accumulation. The early mechanosensitive accumulations of spectrin in founder cells locally block future protrusions from the FCM, forcing new protrusions to penetrate through neighbouring spectrin-free areas, thus triggering additional spectrin accumulation. Eventually, large areas of the fusogenic synapse will be populated by spectrin heterotetramers, forming an uneven spectrin network with a few spectrin-free microdomains. Only narrow protrusions that have sufficient mechanical stiffness can 'squeeze' through these microdomains to invade the founder cell deeply ( Supplementary Fig. 6b ). Thus, the dynamically accumulated spectrin network gradually constricts the invasive protrusions from the FCM and increases the mechanical tension at the fusogenic synapse to promote cell-cell fusion. Given the widespread expression of spectrin in most eukaryotic cell types, our characterization of α /β H -spectrin as a dynamic mechanoresponsive protein in fusogenic cells has broad implications for understanding spectrin functions in many dynamic cellular processes beyond cell-cell fusion.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41556-018-0106-3.
H -spectrin from FCMs to founder cells following myoblast fusion events, such as in wild-type embryos. The α/β H -spectrin double mutant α-spec rg41 kst 14.1 /TM6 (labelled as α-spec −/− β H -spec −/− in the figures) was generated using standard genetic methods.
Molecular biology. Full-length β H -spec was amplified by PCR (with or without a tag) from cDNAs generated from the mRNA of stage 11-15 w 1118 flies. Owing to the large size of the β H -spec gene, three fragments were individually amplified using the primers as follows:
The three PCR fragments were then subcloned into the Drosophila transformation vector pUAST. To generate the UAS-β H -specΔ N and UAS-β H -specΔ C constructs, the following primers were used: (1) β H -spec-3865-5′ : GGAATTCCAACATGGTGTGTCGATCTGCAAATGTTC (2) β H -spec-8028-3′ : GGTCTAGATCACAGCTGATGGGCCTCAGTTAG To generate the pDEST-β H -spec constructs for glutathione S-transferase (GST) fusion proteins for the F-actin co-sedimentation assays, the Gateway cloning system (Invitrogen) was used with the following primers: (1) β H -spec-1-C: GGGGACAAGTTTGTACAAAAAAGC AGGCTTCATGACCCAGCGGGACGGCATC (2) β H -spec-1-K: GGGGACCACTTTGTACAAGAAAG CTGGGTTTTACTTCTTGCGATCTGCGTCCAT (3) β H -spec-29-C: GGGGACAAGTTTGTACAAAAAAG CAGGCTTCGGAGCCAAACAAGTCCACGTC (4) β H -spec-31-K: GGGGACCACTTTGTACAAGAAAG CTGGGTTTTATTGGGACGCCGCATTCTGGCG (5) β H -spec-34-C: GGGGACAAGTTTGTACAAAAAAG CAGGCTTCCCGAACATGCAACTGCTTAGC (6) β H -spec-34-K: GGGGACCAC TTTGTACAAGAAAGCTGGGTTT TATCACTGTGGCGGGACTTGACT Full-length β-spec was amplified by PCR from the UAST-Myc-β -spec plasmid 23 . The original construct lacks nine residues at the N terminus, which was restored in this subcloning. Owing to the large size of the β-spec transgene, two fragments were individually amplified using the primers as follows:
(1) β -spec-5′ : TCGAACGCTGCTATACGATCGG GCGGCCGCATGACGACGGACATTTCGATTGTTCGCTGGGATC CCAGCCAGGGTCCTGGCA (2) β -spec-int-3′ : GTTGTCGATCTCCTCGCGGATCG (3) β -spec-int-5′ : CGATCCGCGAGGAGATCGACAAC (4) β -spec-3′ : accttcgaaccgcgggcccTCTAGATTACTTTTTCTT TAAAGTAAAAAACGATCTGCGCT
The two PCR fragments were then subcloned into a Drosophila vector pAc-mCherry (N) by Gibson assembly. pAc-mCherry (N) was modified from the pAc5.1/V5-His vector (Invitrogen), into which mCherry was PCR cloned between the KpnI and NotI sites, using the primers as follows:
(1) mCherry-5′ : CGTGGTACCATGGTGAGCAAGGGCGAGG-3′ (forward) (2) mCherry-linker-GCAGCGGCCGCCCGATCGTATA GCAGCGTTCGACTTGTACAGCTCGTCCATGC. The resulting linker residues between the N-terminal mCherry and β -spectrin are SNAAIRSGGR.
N-terminally mCherry-tagged full-length α -spectrin was generated by inserting mCherry into the pBSK-α -spectrin construct (from C.T.) by Gibson assembly. This created a de novo AgeI site upstream of the Kozak sequence (GCC ACC) followed by the mCherry sequence, the flexible linker sequence and the fulllength α -spectrin. The AgeI-NotI piece containing mCherry and the full-length α -spectrin was subsequently subcloned into the fly expression vector pAc-V5-His (Invitrogen). The primer pair used to create the mCherry-linker tag for Gibson assembly is as follows: (1) mCh-α -spec-For: GAG CTC CAC CGC GGT GGC GGC CGC ACC GGT GCC AAC ATG GTG AGC AAG GGC GAG GAG (2) mCh-α -spec-Rev: CAC CTC TTT GGG TGT AAA GTT CTC CAT CGA TCG TAT AGC AGC ATT CGA CTT GTA CAG CTC GTC CAT GCC dsRNAs were synthesized by in vitro transcription with gene-specific primers containing the T7 promoter sequence (TTAATACGACTCACTATAGGGAGA) at the 5′ end (MEGAscript; Ambion). Synthesized dsRNAs were purified using NucAway Spin Columns (Ambion).
Immunofluorescent staining and imaging. Fly embryos were fixed and stained as described previously 4, 43 . The following primary antibodies were used: rabbit antimuscle MHC (1:1,000) 56 , rabbit anti-β H -spectrin (1:100) 21 , rabbit anti-β -spectrin (1:400) 57 , mouse anti-α -spectrin (1:1; 3A9, Developmental Studies Hybridoma Bank (DSHB)), guinea pig anti-Duf (1:500) 4 , guinea pig anti-Ants (1:1,000) 34 , rat anti-Sltr (1:30) 43 , rat anti-Sns (1:500) 30 Drosophila cell culture. S2 and S2R+ cells were cultured in Schneider's medium (Gibco) supplemented with 10% FBS (Gibco) and penicillin/streptomycin (Sigma). Cells were transfected using Effectene (Qiagen) per the manufacturer's instructions. For immunofluorescent staining, cells were fixed with 4% formaldehyde in PBS, washed in PBST (PBS with 0.1% Triton X-100) and PBSBT (PBST with 0.2% BSA) consecutively and stained with the following antibodies in PBSBT: mouse α -V5 (1:2,000; R960-25, Invitrogen) and rabbit α -GFP (1:1,000; A-11122, Invitrogen). Secondary Alexa 488-, Alexa 568-or Alexa 647-conjugated antibodies were used at 1:400 (Invitrogen). To visualize F-actin, FITC-or Alexa 568-conjugated phalloidin (Invitrogen) was used at 1:500 in PBST.
Mouse C2C12 myoblast culture. A pair of predesigned siRNAs against the mouse β V-spectrin gene (siRNA1, β V-spectrin-1: CAGGATGGGCTTCGAACCCTA; siRNA2, β V-spectrin-2: AAAGACGATTTCAAGCCCTAA) were obtained from Qiagen. RNA interference was performed per the manufacturer's instructions. Briefly, approximately 3 × 10 5 cells were seeded on each well of a 6-well tissue culture dish and transfected with the individual siRNAs against β V-spectrin (10 µ M final concentration) using HiPerFect transfection reagent (Qiagen). On day 2, the cells were transfected again and differentiated, and cells that were treated in parallel were subjected to qRT-PCR to access the knockdown level. Five days post-differentiation, cells were fixed and stained with anti-skeletal muscle myosin antibody (1:100; F59, sc-32732, Santa Cruz Biotechnology) to identify differentiated cells. Cells were mounted using Prolong Gold antifade reagent with 4,6-diamidino-2-phenylindole (DAPI; Molecular Probes, Invitrogen) to visualize the nuclei. The fusion index was calculated as the percentage of nuclei in multinucleated syncytia versus the total number of nuclei per × 20 microscopic fields under LSM 810 (Zeiss). Cells in at least 10 random fields were counted in each experiment and three independent experiments were performed.
For western blot analyses and quantifications, transfected control and siRNAtreated C2C12 cells were collected at different time points and washed and lysed in cell lysis buffer (0.5% SDS, 1% NP-40, 1% sodium deoxycholate, 150 mM NaCl, 2 mM EDTA and 10 mM sodium phosphate, pH 7.2) containing protease inhibitors. The cell lysates were briefly sonicated, centrifuged and analysed by SDS-PAGE and western blotting with antibodies against MyoD (1:100; sc-377460), myogenin (1:100; sc-52903), skeletal muscle myosin (1:100; sc-32732) and α -tubulin (1:100; sc-58666) from Santa Cruz Biotechnology. Protein quantification was performed using Photoshop image software (Adobe). The chemiluminal emission from both the protein of interest and the loading control were manually tested to be within the linear range. For each experiment, three independent preparations were examined.
Time-lapse imaging and FRAP.
Time-lapse imaging of embryos was performed as previously described 4 . Briefly, embryos expressing fluorescently tagged proteins in muscle or epithelial cells were collected and dechorionated in 50%
where k B is the Boltzmann constant, T is the temperature, n is the number of functional actin crosslinkers between two connected nodes, l max is the maximum length of the edge l and p is the average persistence length of the actin crosslinkers. The second term in equation (3) is the energy due to the dilation/shrinking of the individual mesh of area A i with the initial value A i 0 and a dilation modulus, k ilation d . E urface s is the energy associated with the conservation of the global surface area and is written as: where k urface s is the global area modulus, A otal t is the total area of the membranecortex composite and A otal t 0 is the initial total area. Similarly, E olume v is the energy associated with the conservation of the global volume and has the form of: are the total volume of the cell and its corresponding equilibrium value, respectively. A surface mesh with 10,000 nodes and 19,996 triangles was created for a spherical cell with a radius of 5 μ m. As a result, the average length of the edges is 70-nm long. For equation (4), the average persistence length of actin crosslinkers is on the order of 40 nm and the average number of actin crosslinkers, n, is 1. The values of the remaining parameters are: The initial configuration of the system was thermally annealed at room temperature until the fluctuation of the system energy was negligible. This configuration was then mapped to the shape of a receiving cell. For simplicity, the protrusion has a cylindrical shape with the radius r 0 and length l on the surface of a cell with a diameter of 10 μ m. The tip of the protrusion was a spherical cap of a radius r 0 . The final state of the system was achieved after 20 s of Brownian dynamics simulation with a time-step of 10 −5 s. The area dilation of each node was determined by averaging of the dilation of the triangles with which the node 1 nature research | reporting summary
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When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Our web collection on statistics for biologists may be useful.
Software and code
Policy information about availability of computer code
Data collection
Fluorescent images were acquired with LSM Image Browser software (Zeiss) and Zen software (Zeiss).
Data analysis
For imaging analyses, Image J software from NIH and Adobe photoshop CS5 were used. For statistical analyses, Microsoft Excel 2010, GraphPad Prism 5 and KaleidaGraph 4.1 softwares were used.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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The main data supporting the findings of this study are available within the article and its Supplementary Information files. All other data supporting the findings of this study are available from the corresponding author upon reasonable request.
